Objective. Patients with systemic lupus erythematosus (SLE) have a notable increase in atherothrombotic cardiovascular disease (CVD) which is not explained by the Framingham risk equation. In vitro studies indicate that type I interferons (IFNs) may play prominent roles in increased CV risk in SLE. However, the in vivo relevance of these findings, with regard to the development of CVD, has not been characterized. This study was undertaken to examine the role of type I IFNs in endothelial dysfunction, aberrant vascular repair, and atherothrombosis in murine models of lupus and atherosclerosis.
in order to identify effective therapeutic and preventive targets.
While immune dysregulation may play a major role in premature CVD in SLE, the etiology of accelerated atherosclerosis in this disease remains unclear. Nevertheless, in vitro studies from our group and others indicate that type I interferons (IFNs) could play crucial roles in CVD development in SLE. This may be due to the capacity of IFN␣, and potentially other type I IFNs, to impair vascular repair (4) , enhance foam cell formation (5) , and activate platelets through changes in the megakaryocyte transcriptome (6) . IFN␤, another type I IFN, may promote atherosclerosis by promoting macrophage recruitment to arteries (7) .
IFN␣ leads to an imbalance of vascular damage and repair by impairing the phenotype and function of bone marrow (BM)-derived endothelial progenitor cells (EPCs) (4) and by inducing transcriptional repression of angiogenic factors (8) . However, while a prominent role for IFN␣ in lupus pathogenesis and clinical manifestations is supported by human and murine studies (9) , it is unclear if type I IFNs are major inducers of vascular damage in vivo in SLE.
Increased endothelial cell (EC) damage in SLE is associated with perturbations in endothelium-dependent vasorelaxation (10) , an established predictor of atherosclerosis progression (11) . While most mouse strains (including lupus-prone mice) are resistant to dietinduced atherosclerosis (12) , endothelial dysfunction develops in various models, including the lupus-prone (NZB ϫ NZW)F 1 strain (13) . Therefore, impairments in endothelium-dependent vasorelaxation can be used as a surrogate marker of vascular damage in murine models.
In this study, we demonstrate a prominent in vivo role of type I IFNs in the development of endothelial dysfunction, aberrant vascular repair, and atherothrombosis in murine models of lupus and atherosclerosis.
MATERIALS AND METHODS

Mice. Breeding pairs of lupus-prone NZM2328 (NZM) and NZM2328 IFN␣␤R
Ϫ/Ϫ (INZM) mice were a gift from Dr. Chaim Jacob (University of Southern California, Los Angeles). Female mice were killed at 20 weeks of age (before proteinuria onset) or 30 weeks of age (after onset of significant proteinuria/active lupus). Male NZM and INZM mice were killed at 20, 30, or 40 weeks of age. Breeding pairs of IFN␣␤R Ϫ/Ϫ mice (14, 15) were a gift from Dr. H. W. Virgin (Washington University, St. Louis, MO). The apoE Ϫ/Ϫ IFN␣␤R Ϫ/Ϫ mice were generated by backcrossing apoE Ϫ/Ϫ mice (The Jackson Laboratory) with IFN␣␤R Ϫ/Ϫ mice, both on the C57BL/6 background, to generate double heterozygotes, followed by backcrossing the offspring back to the apoE Ϫ/Ϫ background. The genotype was confirmed by polymerase chain reaction. Protocols were approved by the University of Michigan's Committee on Use and Care of Animals. Mice were bred and housed in a specific pathogenfree barrier facility at the University of Michigan. Proteinuria was assessed using Uristix 4 (Siemens).
Adenovirus administration. Murine IFN␣-expressing adenovirus (AdIFN␣) was synthesized as previously described (16) . Empty adenovirus control (AdControl) was obtained through the University of Michigan's Vector Core. Adenovirus was administered to 12-week-old NZM and BALB/c mice and to 8-week-old apoE Ϫ/Ϫ mice, at 3-4 ϫ 10 9 particles in 100 l phosphate buffered saline (PBS), via tail vein injection. Injection efficacy was assessed by spleen size and levels of type I IFN-regulated genes (Mx1, Mcp1, Irf7, Ip10, and Isg15) in spleen and BM (data not shown), since IFN␣ levels were not reliably detected in the serum by enzyme-linked immunosorbent assay (ELISA), as previously reported (16, 17) .
Assessment of endothelium-dependent vasorelaxation. Endothelium-dependent vasorelaxation was assessed as previously described by our group (13, 18) . Mouse aortas were cut into 2-mm-long rings, which were mounted in a myograph system (DMT-USA). Concentration-response curves were obtained after contracting vessels with phenylephrine (10 Ϫ6 moles/liter), followed by acetylcholine (ACh; 10 Ϫ7 moles/liter) to test endothelial integrity. Vessels were recontracted with phenylephrine at 75% maximum response concentration (EC 75 ) and allowed to reach a stable plateau in the contraction. ACh (10 Ϫ10 -10 Ϫ5 moles/liter) was added cumulatively to examine endothelium-dependent relaxation, expressed as percent phenylephrine EC 75 contraction (18) .
Quantification of EPC number and differentiation. Mononuclear fractions from BM and spleen single-cell suspensions or from whole blood were obtained by Histopaque 1083 (Sigma) gradient centrifugation. Red blood cells (RBCs) were lysed with RBC lysis buffer (BioLegend). Approximately 1-5 ϫ 10 6 BM and spleen cells or 2-5 ϫ 10 5 peripheral blood mononuclear cells were incubated with monoclonal antibodies against murine CD34, vascular endothelial growth factor receptor 2 (VEGFR-2), Sca-1, CD117, CD3, CD19, and CD45 (all from eBioscience) and murine lineage depletion cocktail (Miltenyi Biotec) for 30 minutes on ice, followed by incubation with Pacific Blue-labeled annexin V (BioLegend). Fluorescence-activated cell sorting (FACS) was performed with FACSCalibur (BD Biosciences) or CyAn (Beckman), followed by analysis with FlowJo (Tree Star). EPCs were quantified as CD34ϩVEGFR-2ϩLinϪ or Sca-1ϩCD117ϩLinϪ, as previously described (13, 19, 20) .
BM or spleen mononuclear cell fractions were plated onto fibronectin-coated plates (1 ϫ 10 6 cells/cm 2 ) in EGM-2 BulletKit media (Lonza) with 5% heat-inactivated fetal bovine serum. On day 7, cells were incubated with fluorescein isothiocyanate (FITC)-conjugated Bandeiraea (Griffonia) simplicifolia lectin 1 (BS-1; Vector) and Dil-labeled acetylated lowdensity lipoprotein (LDL; Biomedical Technologies) for 4 hours, then analyzed by fluorescence microscopy (Olympus IX70). Images were acquired using a CoolSNAP HQ2 monochrome camera (Photometrics) and MetaMorph Premier version 6.3 acquisition software (Molecular Devices). Final processing was performed with Adobe Photoshop CS2. Cells costaining with BS-1 and acetylated LDL were considered to 2976 THACKER ET AL be mature ECs and were quantified in 5-6 random fields per well using CellC software. EPCs were quantified in mouse aorta sections using rabbit anti-mouse CD31 (1:20) , rat anti-mouse Sca-1 (1:200) (both from Abcam), and appropriate isotype controls (eBioscience). Secondary antibodies included Alexa Fluor 488-conjugated goat anti-rat IgG and Alexa Fluor 555-conjugated donkey anti-rabbit IgG (both from Invitrogen). Nuclei were counterstained by DAPI (Invitrogen). Images were acquired with an Olympus BX51A fluorescence microscope.
In vivo Matrigel plug angiogenesis assay. Matrigel plug assays were performed as previously described (21) . Growth factor-reduced Matrigel (500 l; Becton Dickinson) containing 20 nM basic fibroblast growth factor (R&D Systems) was injected subcutaneously, and mice were killed 7 days postinjection. Plugs were excised, and angiogenesis was measured using the 3,3Ј,5,5Ј-tetramethylbenzidine method (22) to quantify hemoglobin, standardized to plug weight, as an indirect measure of new blood vessel formation. In some experiments, a portion of the plug was frozen in OCT medium and stained with polyclonal rabbit anti-von Willebrand factor (DakoCytomation) or rabbit IgG, followed by FITC-conjugated anti-rabbit IgG (Invitrogen). Nuclear staining was performed with DAPI. Images were acquired with an Olympus fluorescence microscope.
Carotid arterial thrombosis. Mice were subjected to photochemical injury of the right carotid artery by rose bengal dye, as previously described (23) . Mice were anesthetized and placed under a dissecting microscope (Nikon SMZ2-T; Mager Scientific), and the right carotid artery was isolated. A Doppler flow probe (Transonic) was applied, and rose bengal dye (Fisher Scientific) diluted in PBS was injected into the tail vein (50 mg/kg). A 1.5-mW green light laser (540 nm) (Melles Griot) was applied to the desired site of injury, from a distance of 6 cm, and vessel flow was monitored until occlusive thrombosis occurred, defined as flow cessation for at least 10 minutes.
Platelet activation assessment. Serum soluble P-selectin level was quantified by ELISA (R&D Systems). Leukocyteplatelet aggregates (Gr-1ϩCD61ϩ cells) and platelet P-selectin level were quantified by FACS (CyAn), after 50 l of blood was added to 100 l of heparin (10,000 IU/ml; Sigma), and incubated with fluorochrome-conjugated antibodies against murine CD61, CD62P, and Gr-1 (all from eBioscience), followed by RBC lysis and analysis by FlowJo.
Atherosclerosis quantification and immunohistochemical analysis of mouse aortic valves. Animals were fed a Western diet (Harlan) for ϳ10 weeks, starting at 8-10 weeks of age. At euthanasia, mice were perfused with saline, carcasses were fixed in formalin, and arterial trees were dissected and placed in 70% ethanol, then stained with oil red O (Sigma). The surface area occupied by atherosclerosis was quantified at the aortic arch and major branches using Image-Pro Plus software (Media Cybernetics) and expressed as percentage of total surface area examined, as previously described (24) .
Rat anti-mouse F4/80 (1:200) and rabbit anti-mouse CD3 (1:100) (both from Abcam) staining was followed by peroxidase-conjugated AffiniPure goat anti-rat IgG (HϩL) or peroxidase-conjugated donkey anti-rabbit IgG, respectively (1:200; Jackson ImmunoResearch). Images were visualized using a DAB-Plus Substrate Kit (Invitrogen). Digital images were obtained with a DP71 camera mounted on an Olympus BX51B microscope. Quantification of F4/80 and CD3 staining area was performed using ImageJ software (NIH Image, National Institutes of Health; online at http://rsbweb.nih.gov/ ij/).
High-density lipoprotein (HDL) oxidation assessment. HDL was isolated from mouse plasma by buoyant density ultracentrifugation as previously described (25) . HDL protein was precipitated with ice-cold trichloroacetic acid and delipidated with water/methanol/water-washed diethyl ether. The protein pellet was subjected to acid hydrolysis using 4N methane sulfonic acid supplemented with 1% benzoic acid at 110°C for 24 hours, after addition of isotopically labeled internal standards. Amino acids were isolated from hydrolysate with Supelclean ENVI-Chrom P columns (Supelco) as previously described (26) . Liquid chromatography-electrospray ionization tandem mass spectrometry using multiple reaction monitoring (27) was used to quantify 3-nitrotyrosine. The ratio of peak areas of the analyte multiple reaction monitoring transitions versus corresponding isotopically labeled internal standard was used to calculate 3-nitrotyrosine and tyrosine content. Results were normalized to tyrosine protein content, the precursor of 3-nitrotyrosine.
Statistical analysis. Results are presented as the mean Ϯ SEM. Statistical analysis was performed using Student's t-test, and data were analyzed using GraphPad Prism software version 5. The median effective concentration (EC 75 ) for agent-induced vasorelaxation was calculated by nonlinear regression analysis (GraphPad Prism version 5).
RESULTS
Improved endothelial vasorelaxation and EPC numbers in the absence of type I IFN signaling in lupus-prone NZM mice. We previously reported that female lupus-prone NZB ϫ NZW mice have impaired endothelial and EPC function, and decreased tissue and circulating EPCs. This impairment correlates with enhanced expression of type I IFN-responsive genes in EPC compartments (13) . To directly address the putative role of type I IFNs in EC and EPC function in lupus, we examined NZM mice, which show similar lupus disease progression to the NZB ϫ NZW strain from which they were derived (28) . NZM mice were compared to NZM mice lacking type I IFN receptor (INZM mice). When the endothelium-dependent response of thoracic aortas to ACh was quantified, 30-week-old female INZM mice displayed significant improvements in vasorelaxation compared to age-and sex-matched NZM mice ( Figure 1A ).
Compared to female NZM mice, 30-week old female INZM mice displayed increased numbers of BM and circulating EPCs ( Figure 1B ). (Additional results are available online at http://deepblue.lib.umich.edu/.) Younger (20-week-old) INZM female mice displayed increases in spleen EPC numbers compared to NZM mice (P Ͻ 0.05; data not shown), while no changes were observed in their BM or blood EPC numbers. In contrast to our previous findings in NZB ϫ NZW mice (13), we did not observe differences in EPC apoptosis upon loss of type I IFN signaling in female NZM mice (data not shown).
The beneficial effects on endothelial function and EPC numbers observed in INZM mice could be a direct result of blocking type I IFN signaling or secondary to abrogation of lupus development, including renal disease, in INZM mice (29) . To determine if type I IFNs directly impair vasorelaxation in murine models of lupus, independent of disease activity, we performed similar experiments in male NZM and INZM mice, since neither of them develop significant SLE features. Similar to autologous female mice, 40-week-old male INZM mice demonstrated significant increases in endotheliumdependent vasorelaxation and spleen EPC numbers compared to age-and sex-matched NZM mice ( Figures  1C and D) , with no changes in EPC apoptosis. There were no significant differences between the male groups at younger ages (20 weeks and 30 weeks of age; data not shown). These results indicate that type I IFNs significantly modulate endothelium-dependent vasorelaxation and EPC numbers in lupus-prone mice, independently of disease activity or sex.
Improved EPC function and in vivo neoangiogenesis in the absence of type I IFN signaling in lupusprone NZM mice. We previously reported that EPCs from NZB ϫ NZW mice and lupus patients display decreased capacity to differentiate into mature ECs when exposed to proangiogenic stimulation (4,13). Confirming a role for type I IFNs in impairing endothelial differentiation, EPCs from female INZM mice displayed increased ability to differentiate into mature ECs when compared to those from age-matched female NZM mice. This improvement was observed by 20 weeks of age, before evidence of active lupus, and was maintained after florid disease development at 30 weeks of age ( Figure 2A ). These findings were confirmed in male mice, as BM EPCs from 40-week old (but not 30-week old) INZM mice displayed significant increases in differentiation into mature ECs compared to cells from age-matched NZM mice ( Figure 2B and data not shown).
In vivo Matrigel plug assays were performed to assess the effects of type I IFNs on the capacity of lupus-prone mice to form new blood vessels. Compared to age-and sex-matched NZM mice, female INZM mice (25-30 weeks old) and male INZM mice (30-40 weeks old) displayed significant increases in in vivo neoangiogenesis ( Figures 2C and D) . These results demonstrate that type I IFNs promote decreased angiogenesis in lupus-prone mice, independent of disease activity or sex.
Worsening of endothelium-dependent vasorelaxation and EPC differentiation after acute exposure to IFN␣ in murine lupus. Since lack of type I IFN signaling significantly improved endothelial and EPC function in lupus-prone mice, we explored whether acute exposure to enhanced levels of IFN␣, such as those seen in acute infections (30) Figure 3A) .
Similar to the NZB ϫ NZW parental strain (16), AdIFN␣ administration led to acceleration of nephritis onset. (Details on the clinical and demographic characteristics of the mouse strains are available online at http://deepblue.lib.umich.edu/.) To establish whether the endothelial defects observed following AdIFN␣ administration were due to lupus exacerbation, similar experiments were performed in male NZM mice, since male mice do not develop lupus following IFN␣ administration. Three weeks after AdIFN␣ injection, 15-weekold male NZM mice also exhibited significantly decreased endothelium-dependent vasorelaxation. As in female NZM mice, AdIFN␣ did not modify EPC numbers or apoptosis. In contrast to female NZM mice, male mice did not display impaired EPC differentiation following AdIFN␣ exposure ( Figure 3B ). These findings indicate that most of the acute effects of IFN␣ on the vasculature are independent of lupus disease activity or sex.
To assess whether the deleterious effects of IFN␣ on EC and EPC function are dependent on a lupusprone genetic background, AdIFN␣ or AdControl was administered to 12-week-old female BALB/c mice. While these mice do not develop SLE upon exposure to type I IFNs, they developed decreased endotheliumdependent vasorelaxation and impaired EPC differentiation ( Figure 3C ), with no modifications in EPC numbers or apoptosis (data not shown). These results demonstrate that type I IFNs can promote endothelial and EPC dysfunction independent of autoimmune background.
Modulation of plaque severity and arterial inflammation by type I IFNs in murine models of atherosclerosis. Endothelial dysfunction predicts plaque development (11) , and IFN␣ can induce foam cell formation in vitro (5) . Further, myeloid IFN␤ signaling promotes atherosclerosis by stimulating macrophage recruitment to arteries (7). Since NZB ϫ NZW and NZM mice are resistant to developing florid diet-induced atherosclerosis, we investigated whether IFN␣ directly affected plaque severity in vivo in atherosclerosis-prone apoE Ϫ/Ϫ mice (32). This was tested by exposing mice to acute AdIFN␣ infection at the time of Western diet initiation, and through genetic abrogation of type I IFN signaling (apoE Ϫ/Ϫ IFNAR Ϫ/Ϫ ). There were no significant differences in atherosclerosis severity between male and female mice at the various time points examined. After 10 weeks on a Western diet, female and male apoE Ϫ/Ϫ IFNAR Ϫ/Ϫ mice (18-20 weeks old) showed significantly reduced atherosclerotic lesion size when compared to age-and sex-matched apoE Ϫ/Ϫ mice (Figures 4A and B) . Additionally, there was a close to significant trend toward larger atherosclerotic lesions in apoE Ϫ/Ϫ mice receiving AdIFN␣ compared to apoE Ϫ/Ϫ mice receiving AdControl (P ϭ 0.0604) ( Figure 4A ). Aortic valve sections were stained with macrophage-and T cell-specific antibodies. Less severe atherosclerosis in apoE Ϫ/Ϫ IFNAR Ϫ/Ϫ mice was associated with significant decreases in macrophage and T cell vasculature infiltration compared to apoE Ϫ/Ϫ mice ( Figure 4C) Figure 5 ). These results indicate that lack of type I IFN signaling promotes enhanced neoangiogenesis in atherosclerosis-prone mice.
Type I IFNs may modulate HDL oxidation in murine lupus. HDL oxidation renders the lipoprotein dysfunctional and proinflammatory and may contribute to atherogenesis. Lupus patients have increased plasma levels of oxidized HDL (34, 35) . Previous work showed that HDL nitrotyrosine content, a specific oxidative process mediated by reactive nitrogen species, is elevated in humans with established CVD (26) . To assess the contribution of type I IFNs to HDL nitration, HDL was isolated from murine plasma and its nitrotyrosine content was quantified. Thirty-week-old female NZM mice had notable elevations in HDL nitrotyrosine content compared with age-and sex-matched BALB/c mice, and this increase was abrogated in female INZM mice. In contrast, AdIFN␣ administration did not significantly affect HDL nitrotyrosine content in NZM, apoE Ϫ/Ϫ , or BALB/c mice ( Figure 5 ). Significant differences in HDL nitrotyrosine content were not observed between apoE Ϫ/Ϫ IFNAR Ϫ/Ϫ mice and apoE Ϫ/Ϫ mice (mean Ϯ SEM 688 Ϯ 83 versus 613 Ϯ 70 moles/mole tyrosine; n ϭ 5-8 samples per group).
Modulation of thrombosis and platelet activation by type I IFNs in murine models of lupus and atherosclerosis. Atheroma formation with superimposed thrombosis represents the pathophysiologic process in Figure 3 . Impairment of endothelium-dependent vasorelaxation and EPC function in lupus-prone and non-lupus-prone mice after acute exposure to interferon-␣ (IFN␣). A, Decreased endothelium-dependent vasorelaxation (left) and reduced EPC differentiation (right) 3 weeks postinjection in female NZM mice exposed to adenovirus IFN␣ (AdIFN␣) at 12 weeks of age, compared to age-and sex-matched NZM mice exposed to adenovirus control (AdControl). B, Decreased endothelium-dependent vasorelaxation (left) and unaltered EPC function (right) in male NZM mice exposed to AdIFN␣ compared to mice exposed to AdControl. C, Decreased endothelium-dependent vasorelaxation (left) and reduced EPC differentiation (right) 3 weeks postinjection in female non-lupus-prone BALB/c mice exposed to AdIFN␣ at 12 weeks of age. Values are the mean Ϯ SEM (n ϭ 10-11 mice per group in A, 5-8 mice per group in B, and 12 mice per group in C). ‫ء‬ ϭ P Ͻ 0.05; ‫ءء‬ ϭ P Ͻ 0.01, versus mice exposed to AdControl. ECs ϭ endothelial cells; hpf ϭ high-power field (see Figure 1 for other definitions).
acute coronary syndromes (ACS). SLE patients are at increased risk of thrombotic events, and this phenomenon may be multifactorial. Type I IFNs can affect the megakaryocyte transcriptome and induce platelet activation in vitro (6) . To address whether type I IFNs promote a prothrombotic environment in vivo, a model of carotid clot induction following photochemical injury was used. After AdIFN␣ exposure, apoE ؊/؊ and NZM mice displayed significantly shorter time to occlusive thrombosis in the mid common carotid artery compared to AdControl-treated mice ( Figure 6A ). In contrast, no significant differences were observed with regard to time to occlusive thrombosis between apoE ؊/؊ mice and apoE Accelerated thrombosis in AdIFN␣-treated apoE Ϫ/Ϫ mice and NZM mice was associated with enhanced endothelial and platelet activation, assessed by serum P-selectin levels. Similar increases in soluble P-selectin levels following AdIFN␣ exposure were detected in female BALB/c mice ( Figure 6B ). Compared to age-and sex-matched NZM mice, soluble P-selectin levels were decreased in 30-week-old female INZM mice ( Figure 6C ). Administration of AdIFN␣ to apoE Ϫ/Ϫ mice and NZM mice resulted in enhanced platelet P-selectin levels and an increased percentage of leukocyte-platelet aggregates. Conversely, INZM mice had significant decreases in the percentage of leukocyteplatelet aggregates compared to NZM mice ( Figure  6D ). Compared to apoE Ϫ/Ϫ mice, apoE
mice exhibited a decreased percentage of leukocyteplatelet aggregates ( Figure 6E ) but no significant changes in platelet P-selectin levels (data not shown). These results demonstrate that type I IFNs accelerate thrombosis and induce platelet activation in murine models of lupus and atherosclerosis.
DISCUSSION
Broad activation of type I IFN pathways in SLE may play crucial roles in disease pathogenesis and clinical manifestations (36) . Recently, in vitro work from several groups has suggested a putative link between type I IFNs, vascular damage, and atherosclerosis progression in SLE (4) (5) (6) . However, whether these effects contribute significantly to endothelial dysfunction in vivo had not been determined.
Our observations suggest that type I IFNs have notable pleiotropic effects on the vasculature, from early EC damage and aberrant vascular repair, to plaque development and destabilization, followed by development of ACS through thrombosis enhancement. We show that type I IFNs play a direct, important role in CV damage and endothelial dysfunction development in vivo in lupus-prone mice and atheroma-prone mice, as well as in mouse strains not typically associated with lupus or enhanced atherothrombotic risk.
The nomenclature for vascular progenitor cells is undergoing constant revision. For the purposes of this work, we continue to refer to these cells as EPCs. IFN␣ is toxic to BM and blood EPCs in vitro (4, 8) , and impairments in their phenotype and function may pro- Figure 6 . Modulation of thrombosis, endothelial activation, and platelet activation by type I interferons (IFNs) in atherosclerosis-prone and lupus-prone mice. A, Significantly shorter time to occlusive thrombosis in the mid common carotid artery in 10-14-week-old apoE Ϫ/Ϫ and NZM mice exposed to adenovirus IFN␣ (AdIFN␣) compared to age-and sex-matched mice exposed to AdControl (n ϭ 10-14 mice per group). Lack of type I IFN signaling in these mice (20-22 weeks old) had no effect on time to occlusive thrombosis (n ϭ 10-14 mice per group). ‫ءء‬ ϭ P Ͻ 0.01 versus mice exposed to AdControl. B, Correlation of shorter time to occlusive thrombosis with increased serum soluble P-selectin (sP-selectin) levels in 10-11-weekold apoE Ϫ/Ϫ mice (n ϭ 8 mice per group) and 14-week-old NZM mice (n ϭ 6 mice per group). AdIFN␣ also increased serum P-selectin levels in 17-week-old BALB/c mice (n ϭ 6 mice per group). ‫ء‬ ϭ P Ͻ 0.05. C, Significantly decreased serum P-selectin levels in 30-week-old INZM mice compared to NZM mice (n ϭ 10-15 mice per group). ‫ءء‬ ϭ P Ͻ 0.01 versus NZM mice. D, Modulation of platelet activation by type I IFNs, as assessed by P-selectin expression on platelets (n ϭ 9-10 mice per group) (left) and the percentage of leukocyte-platelet aggregates (n ϭ 11-16 mice per group) (right) in 20-25-week old mice. ‫ء‬ ϭ P Ͻ 0.05 versus wild-type mice or mice exposed to AdControl. Values are the mean Ϯ SEM. See Figure 1 for other definitions.
mote the endothelial dysfunction that has been reported in murine and human lupus (10, 13) . While endothelial function and EPC numbers are reduced and functionally impaired in chronic kidney disease (37) , the modulation of endothelial and EPC function by type I IFNs appears to be independent of renal dysfunction or of other immune abnormalities characteristic of SLE. Indeed, male NZM mice, spared from overt lupus development and glomerulonephritis, still exhibit significant differences in vascular parameters when compared to male INZM mice. This is consistent with the results of previous studies of human EPCs/circulating angiogenic cells, where lupus disease activity did not explain the profound vascular phenotypic and functional abnormalities (4). These observations support a specific role for type I IFNs in endothelial dysfunction and loss of EPC numbers and function in vivo.
Our findings indicate that chronic and enhanced exposure to type I IFNs may be needed to induce significant decreases in EPC numbers in vivo, since acute exposure to IFN␣ did not lead to alterations in these parameters, although it significantly impaired EPC differentiation. It is also possible that these effects on the vasculature are mediated, at least in part, by other IFNs besides IFN␣, since the knockout system used in this study deleted signaling by all type I IFNs (14, 15) . Indeed, while the differential effects that various type I IFNs play in the vasculature and in endothelial repair remain unclear, recent evidence suggests a role for type I IFNs other than IFN␣ in antiangiogenic responses and atherosclerosis modulation (7, 38) .
Type I IFNs can impair the ability of stem cells to repopulate the BM niche. Therefore, the negative impact of IFNs on EPC function could indicate a more general stem cell impairment (39) . Furthermore, type I IFNs can induce apoptosis and senescence of mature ECs (40) . Therefore, long-term exposure to type I IFNs, as is observed in SLE, could promote sustained vascular damage and reduced local repair, leading to enhanced EPC and mature EC consumption, as shown in atherosclerosis models (33) . Impaired EPC differentiation by type I IFNs may be associated with induction of antiangiogenic signatures in these cells and in other tissue, as we previously described in human lupus in vivo (8) . This could create a cytokine profile that enhances antiangiogenic responses, promotes vasculopathy, and accelerates atherosclerosis.
Lupus-prone mice are resistant to florid dietinduced atherosclerosis, unless crossed with proatherosclerotic models (41) (42) (43) (44) , or used to generate chimeras following lupus BM transplantation into atherosclerosisprone mice (45) . While those studies demonstrated that lupus immune dysregulation accelerates plaque development, they have not addressed the specific roles of type I IFNs and have been performed primarily in murine models that do not appear to depend on these cytokines for disease progression (46, 47) .
Recent evidence points to a potentially crucial role for type I IFNs in atherosclerosis due to the ability of IFN␣ to increase foam cell formation (5), its increased expression in areas of unstable human arterial plaques (48) , and the capacity of myeloid IFN␤ to worsen atherosclerosis (7) . Strong associations of type I IFN signatures in human SLE with impaired peripheral arterial tone (49) and carotid intima-media thickness have been found (50) . In the present study, we present direct in vivo evidence that type I IFNs significantly modulate plaque development and the severity of arterial macrophage and T cell infiltration in atherosclerosisprone murine systems. Under proatherogenic conditions, monocytes migrate to vessel walls and differentiate into macrophages that can become lipid-laden foam cells. The biologic properties of atherosclerotic plaque macrophages and T lymphocytes determine lesion size, composition, and stability (45, 51) . Decreased macrophage infiltration in apoE Ϫ/Ϫ IFNAR Ϫ/Ϫ mice may be secondary to impaired monocyte recruitment and/or differentiation into foam cells, as supported by recent observations (7, 52) .
The proatherogenic effects of type I IFNs may be partially mediated by deleterious modulation of lipoproteins. While HDL is atheroprotective through roles in reverse cholesterol transport and antiinflammatory properties, it may become proinflammatory and promote atherothrombosis (26) . SLE patients have increased proinflammatory HDL (34, 35) , an abnormality we have now observed in female NZM mice. While oxidized HDL levels were decreased in female INZM mice, we could not elucidate if this was due to abrogation of type I IFN signaling on lipoprotein oxidation, or related to lack of lupus development in these mice. Since male NZM mice do not develop increased oxidized HDL, we used these mice as a reliable comparison. Furthermore, AdIFN␣ administration did not increase HDL oxidation, even if it exacerbated lupus. It is possible that chronic, rather than acute, differences in type I IFN signaling are required for lipoprotein dysregulation. Nevertheless, our results suggest a putative role of these cytokines in lipoprotein oxidation and the redox environment in vivo, which requires further investigation.
While platelets are activated in SLE and display evidence of increased exposure to type I IFNs (6), the functional relevance of this phenomenon in vivo had not previously been addressed. In our study, NZM and apoE Ϫ/Ϫ mice exposed to IFN␣ had a shorter time to occlusive thrombosis upon photochemical injury. This was associated with enhanced platelet activation, independent of a lupus-prone genetic background. Since circulating activated platelets can exacerbate atherosclerosis in murine systems (53) , it is possible that this type I IFN-induced phenomenon also contributed to plaque formation. Future studies should address how type I IFNs modulate endothelial and platelet activation in autoimmune and nonautoimmune backgrounds, and the interplay of these molecules with lipoproteins and other factors. Furthermore, our results shed light on previous reports that infections may precede or be associated with enhanced atherothrombotic risk (54, 55) . Indeed, this may be mediated via type I IFNs, following exposure to microbial products (48) .
The results of the present study also support the notion that treatments disrupting type I IFN signaling, which are currently being tested in various autoimmune diseases, could promote additional benefits by hampering CV risk. Therefore, it will be important to include biomarkers of vascular damage and functional studies of endothelial health as end points of efficacy analyses for patients receiving these agents. Whether inhibition of these pathways in the general population would also decrease atherosclerosis progression should be investigated.
